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NATIONAL _@]RONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-1874=

DIRECTIONAL BEHAVIOR OF EMITTED _D REFLECTED

RADIANT ENERGY FROM A SPE(_LAR,

GRAY, ASYMMETRIC GROOm%

By Joh_l R. Howell and Morris Perlmutter

The directional emissivity and directional re_'iectivlty of a specular_ gray,

isothermal groove are analy_ed. A general method of analysis based on images of

surfaces is given. The apparent directional emissivity_ which is shown to be

equal to the apparent directional absorptivity for any isothermal cavity_ is pre-

sented as a function of groove parameters and the emissivity of the material.

The apparent directional reflectivity is presented as a function of these pa-

rameters and the angle of incidence of the incident radiation. The results

indicate that the directional radiant properties are strongly dependent on the

shape of the local macroscopic surface structure, which is considered large rel-

ative to the wavelengths of the radiant energy. It is shown that the radiant

energy interchange between s1_faces can be directed and controlled by proper de-

sign of these surfaces.

INTRODUCTION

In most analyses dealing with radiant interchange between surfaces_ the as-

sumption is made that emission from surfaces is diffuse, that is, follows
Lambert's cosine law. Reflection is assumed to occur in either a diffuse or a

specular (mirrorlike) fashion. It has been stated in references i and 2 that

these are only limiting cases for real surfaces, and the actual angular distri-

bution of energy can vary widely from these simple cases. Reference 3 gives

integral equations that can be used to calculate the radiant interchanges for

surfaces with directional properties.

An important cause of the deviation of real surfaces from these limiting

cases of specular and diffuse reflection and diffuse emission is the local macro-

scopic surface profile. This profile may cause large discrepancies in measured

radiative properties of materials if the specimens used are not correctly pre-

pared so that the surface irregularities are small compared to the wavelength of
the radiation. The use of diffuse or specular surface properties in the calcula-

tion of radiant interchange can lead to gross deviations from the true case.

The present work is an effort to investigate these effects.

By intentionally shaping the surface structure so that known directional



radiation characteristics are obtained s it is possible to influence the radiant
heat exchangebetween surfaces. For examples a heat sink for radiant energy
would be more efficient if it could have a high absorptivity in the direction of
a heat source and a low emissivity in the direction of the cold environment. A
poor heat sink could be obtained by interchanging these characteristics.

A heat-emitting surface could be madeto emit strongly in the direction of
a heat sink and weakly in other directions, and heat losses to the environment
would thereby be reduced. If a reflecting surface could be designed to reflect
strongly in any desired direction 3 energy could then be reflected to a specific
location. A use of this type of reflecting surface is given in reference 4,
where a Fresnel reflector s a disk with concentric mirrored groovess was used to
focus solar energy to a small area.

The configuration studied herein is a surface consisting of adjoining right-
triangular grooves, as shownin figure 1. The surfaces are assumedto be gray,
that is s with monochromatic wall absorptivity independent of wavelength and
therefore with total emissivity equal to total absorptivity. The present analy-
sis also applies at a given wavelength for the nongray case, and the complete
solution would be obtained by summingthe results at each wavelength over the
spectrum of interest.

There is radiation (from an emitter) incident on the surface at a given
angle. The reflections are assumedto take place specularly at the surface that
is isothermal and that is assumedto emit diffusely. Assuming the surface emits
diffusely and reflects specularly is not inconsistent with earlier arguments.

In reference 5, the net emission from a symmetric groove was calculated.
The present analysis differs in that it uses an asymmetric configuration and
examines the directional behavior of the emission, absorption, and reflection.
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SYMBOLS

distance between parallel planes

shape factor

fractional part of unattenuated beam that is reflected out of

groove from image surface n

height of groove wall normal to base plane

length of oblique or normal wall of groove divided by H

(eq.(8))

length of oblique wall

limits of summation (eq. (21))

image index
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defines image of surface from which ]part of incident beam first

is reflected out of groove

energy per unit time

energy per unit area per unit time

temperature of surface

distance along oblique side of groove divided by H

distance along normal side of groove divided by H

coordinate axis perpendicular to X and Y

absorptivity

angle between normal to X-surface and emitted beam

angle between normal to X-surface and incident beam

width of emitter or receiver, respectively

emissivity

directional emissivity_ ratio of ene_rgy emitted by groove and

incident on element in direction _l divided by energy emitted

by flatj black surface to same element

angle between normal to base plane and beam to receiver,

e + p -

angle between normal to base plane s_id incident beam_

direction of reflection of part of beam incident on X- or

Y-surface_ respectively

open angle between walls of groove

inner boundary of beam reflected off image of surface n and

emerging from groove

aspect ratio; ratio of width of plane to distance apart for

parallel plane geometry (fig. 9)

distance along base plane divided by distance between plates

reflectivlty
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Subscripts :

a

b

AE-X

AE-Y

E

e

Z

Z'

max

n=O_ i, 2.

II

u'

w

X-AR

Y-AR

directional reflectivity for incident beam _' reflected in

direction q

Stefan-Boltzmann constant

angle between normal to Y-surface and emitted beam

angle between normal to Y-surface and incident beam

absorbed

blackj _ : i

from emitter to surface X

from emitter to surface Y

emitter surface

emitted

lower limit of emitted beam (figs. 2 and S)

lower limit of incident beam

maximum

surface image number (figs. 2 and 3)

upper limit of emitted beam

upper limit of incident beam

wall of groove

from surface X

from surface Y

of area H2X dZ to receiver

of area H2y dZ to receiver

absorbing surface

position along base plane

ANALYSIS

The surface analyzed is shown in figure 1 and consists of grooves of infi-

nite length. The short side of the groove is normal to the base plane and of

height H. There is some angle 8 between the walls of the groove. (The
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diagonal side is of length L = H/cos e. ) The surface of the groove is consid-
ered to be at temperature Tw with a gray emissivity cw. At the surface_ the
emitted energy is assumedto be diffuse_ while the reflected energy is assumed
to be reflected specularly. The problem can be divided into two parts: (I) The
directional emission of energy from the grooves_ an_ (2) the directional re-
flection and absorption of energy by the grooves for a given incident beam di-
rection. First_ the directional emission is calculated.

DIRECTIONALEMISSION

The rate of energy beir_g emitted per unit area from the surface at tempera-
ture Tw is qw" A receiver of small width Z/R_infinite in the Z-direction,
is located so that it will _ntercept all the radiation leaving the groove by
emission within the angular increment that it subtends. The distance from the
receiver to the groove is considered to be large comparedwith H and L. The
energy incident from the environment is neglected.

This problem can be divided into three cases dependent on whether:
(i) Part of side X is visible directly to the receiver_ but none of side Y_
(2) part of side Y is visible directly but none of X, and (3) both X and
Y are direct!y visible. These cases are illustrated in figures 2 and 3 by the
broken lines.

Side M Directly Visible to Receiver

The power reaching the receiver directly from an infinitesimal element of
area H2 dX dZ on the part of side X visible to the receiver is
qwH2 dX dZ d2Fdx_/ZR. This sameamount of power will be incident on the receiver
from every element along Z for X fixed. The relation for the shape factor
d2Fdx_/iR is obtained from reference C (eq. 51-58) and is

d2Fdx_A_R = cos (I)

The angle _ is shown in figures i and 2. Since qw and _ are assumed to be

constant over the groove su_'face_ the radiant power reaching the receiver di-

rectly can be written as

q0,x-i = cos2 £ qs s2 dZ(Xu _ (z)

where Xu and XZ are the upper and lower limits of the X-surface seen by the

receiver_ as shown in figure 2. Some of the power being emitted from surface Y

may be reflected from surfa_e X in the direction of the receiver. In figure 2,

the first image of Y is drawn as n = !. The power arriving at the receiver

from surface Y after one reflection can now be assumed to be coming directly

from this image with its intensity reduced by the amount that would be absorbed

in one reflection. This p_#er can be written as

5



cos _l_IH 2 dZ(Xu,1 _ Xz,1)QI,X-_ = (l - _w)qw 2 (S)

where Xu_ I and XZ, I are the upper and lower limits of the beam from image

I, and _I is sho_n in figure 2.

Also, some of the power being emitted from surface X is reflected from

surface Y to surface X and then to the receiver. The X-surface image emit-

ting the power in this sequence is denoted by n = 2. In a like manner, images

of both X- and Y-surfaces for greater numbers of reflections are shown. If n

is even, the corresponding image is of the X-surface; and if n is odd_ the
image of the Y-surface:

cos _n Zk6nH2 dZ(Xu, n _ XZ, n)Qn,X-AR = (i - ¢w) n qw 2 (4)

It can be determined geometrically from figures i and 2 that

_n = _ - n8 (5)

From figure 2_ for those wall images whose emission completely covers the field

of view of the receiver, the upper and lower limits are

cos

Xu, n - cos 8 cos(_ - ne) (6a)

+Xt, n = cos(_ - ) (_)

However, for those images whose emission covers only part of the field of view,

that is, when

cos _ > in
cos e cos(_ - nS)

(7)

where

c-_s 8; n = 0,2,4, . .
In

=[ i; n i,S,5, . . .

(s)

Xu_ n must equal In . The last image viewed by the receiver can he defined as

N. For this case, In is given by the largest value N that satisfies the in-

equality

cosIo +
IN > cos_ - N8) (9)

The field of vision of the receiver does not intercept any further images, and

no further energy is incident on the receiver after the Nth term_ The terms
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are summedup to the _h term to obtain the net heat emitted to the receiver_
or

N

QX-AR = £ Qn, X-AR

n=O

As pointed out before, these results apply when _/2 - 8 _ _ > -0, that is,

;,Thennone of the Y-surfa(.e is seen by the receiver. Instead of _, an angle

may be defined as the angle between the normal to the base plane and the out-

going beam in the direction of the receiver, as shown in figure i_ and is

(lOa)

These results would then apply when

o>q> -2 (i_)

Side

For the case when none of side

the range

as can be seen in figure 3.

Y Directly Visible to Receiver

X is visible to the receiver_ must be in

> (ll)
2

The power reaching the receiver from surface Y is

QO,Y-AR = qw cos _ A_ H2 dZ['Yu - YZ)2
(iz)

13)

where _ is the angle between the normal to the Y-surface and the emitted beam

and is given by

=n

14)

The power being emitted to the receiver from the nth image can be seen from

figure 3 to be

COS _n

Qn,Y-/SR = (i - _.w) n qw 2 A_nH2 dZ(Yu,n - YT.,n)

is)

Figures i and 3 show that

'_'n : 9 + nO

7



cos ?

Y_,n: oos(* +' n'e) (16)

Yz,n
cos(,- e)

cos e cos(* + nS)
(17)

As in the case for the X-surface, when

cos ?

cos(? + ne)
> In+ I

then

Yu, n = In+l (18)

and the series stops at term M, where M is the largest value that satisfies

the inequality,

IM_I > cos(* - O)
cos o cos(_ + NO) (19)

Both Sides X and Y Visible to Receiver

For this case, h must be in the range

o > n > 0 (20)

The path of the beam for this case is shown by dashed lines in figures 2 and 3.

The emitted power to the receiver can be considered to come 3 in part 3 from the

X-surface and in part from the Y-surface. The power emitted to the receiver

from the X-surface, after n reflections_ is given by equation (4), where

XZ, n = 0; and equations (5), (6a)_ and (7) still apply. The series will stop

for n : N where N < [(_ + N - 0)8] < N + i, because then the angle between

side Y and the image N + i in a clockwise direction becomes greater than the

angle between side Y and the lower limit of the beam after it passes through

the vertex as in figure 2. Then the power emitted from image N + I will not

be seen by the receiver. The power to the receiver from the Y-surface emitted

from image n is given by equation (i_) with YZ,n : O_ and equations (15),

(16)j and (18) still apply. This series stops when n = M, where

M < _---_< M + i, as can be seen from figure Z_ and was explained in the pre-
0

vious case.

Comparison with Flat, Black Surface

These results were compared with the emission from a flat, black surface of

area equal to the base of one groove. For this case, the total energy reaching
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over the groove. The rate of energy per mlit area leaving the emitter diffusely
is qE" Again the problem can be divided into three cases: (i) Side X di-
rectly visible to the emitter, (2) Side Y directly visible to the emitter, and
(3) both sides X and Y directly visible to emitter.

Side X Directly Visible to Emitter

The power reaching side X directly from the emitter when

>-Z (22)
- 2

as can be seen in figure 2 where _ is replaced by _'_ is

Qaz-x : qz cos il dZ(X , - xz,)
2

(23a)

The angle q' is the angle between the no_nnal to the base plane and the inci-

dent beam as sho_m in figure i. Use was _de of the reciprocal relation between

shape factors AIFI_ 2 = A2F2_ I in obtaining equation (23a). This is clearly

equal to the power _hat would be incident on an element of the base plane with

an area equal to the base of one groove. [_us_

cos _' /_, dZ H 2 tan eQAE-X : QAE-A_ : qE 2

This will be reflected all or in part at a lower intensity to wall Y. Again,

the image of wall Y can be dra_m as n = i. The whole beam will continue to

be reflected until

COS _T

cos _ cos(_' - n'6_ > In'

where n' denotes the image where the incident beam is not intercepted com-

pletely but a part leaves the groove (fig. 2). The part of the energy reflected

off image n' - i _d out into the environment is equal to some fraction of the

attenuated incident beam:

Qn'-I,/_E-X = fX, n'-i (1 - ew)n'QAE-X (24)

The fraction of the unattenuated whole beam that will be reflected off image n

and out of the groove is defined as fn" Dividing by the magnitude of the inci-

dent radiation yields the directional reflectivity, which can be written as

Qn'-I2AE-X n'

(Pn',n)n'-i = QAE-A_ - fX'n'-l(1 - Cw) (25)

where
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the receiver is

Qb_S_-aTR= qb dZ H2 tan @cos D

where At is the groove-base width and is equal to H tan @. Dividing the
emitted energy from the groove by the energy emitted from the black surface and
defining this ratio as eD yield the equations given previously, which can be
summar:izedas follows:

£_ = - tan 6Cwcos_ (i ((i - 6w)n sin[_ - (n + 1)@](Xu_n -Xz_n)In=O

M

[(i- %)n
n=O

sin(_ + n@)(Yu, n - YZ,n)]I (2i)

where N and M are the maximum values of n considered in their respective
series.

(1) For O> n > -_/2:

Yu, n = YZ,n; Xu,n is given by equations (6a) and (7); XZ, n by

equation (_). The series stops for n = N, as given by equation (9).

(2) For _/2 > _] > 0:

Xu,n = XZ,n; Yu, n i_ given by equations (16) and (18); YZ,n by

equation (17). The series stops for n = H, as given by equation (19).

(S) For O > D > 0:

Xz_n = YZ,n = 0; Xu_ n and

series stop for N and M

Yu, n are given in items (i) and (2).

given by

The

N< (_ + _ - @)<N + !

DIRECTIONAL REFLECTION

In this section, the direction and magnitude of the reflection of an inci-

dent beam from a groove are analyzed. There is an emitter of width AE infinite

in the Z-direction radiating to the groove. The angle between the normal to the

surface X and the incident beam is _'. The emitter is far enough away com-

pared with the lengths of H and L so that _' can be considered constant



Xu, n,_ I - _X2n,_ I

fX_n'-i = Xu, n,_l - X Z,,n,_l
(z6)

and _X,n'-i is shown in figure 2 and is equal to the inner boundary of the

beam that is reflected from image n' - i and out of the groove.

The direction in which this beam will be reflected from the groove is

_X_n'-i and can be obtained geometrically from figure 2 as:

_ + _' - (n + i)_ n = 1,5_5 . . ._X_n :
-_' - _ + (n + 2)_ n = 0,2,4, . . .

(27)

If

cos(O + _) > in ,
cos(_' - n'O)

then

cos(O + _')

_,n'-i - cos[_' - (n' -;L')O]

and this will be the only beam reflected from the groove. Otherwise_ it can be

seen geometrically and by use of equation (6a) that

cos(_' -n'8)

_,n'-i : In' cos[_' - (n' - i)8]
(z8)

The directional reflectivity of the next beam that will be reflected from the

groove is

(On,,n)n ' : fX,n,( I _ %)n'+l (29a)

where

In' - _X,n' (29b)
fX;n' : Xu, - XZ

,n' T_IIT

If

cos(0+ p') > In
COS[_' - (n' + 1)8] '+l

(so)

then

oos(o+
_X,n' : cos(_' - n'@')

ii



and this will be the last beamradiated from the groove. Otherwisej

cos[_' - (n' + I)Q]

_X,n' = in'+l cos(_' - n'0)

In this case_ the direction of the emitted beam is _X_n"

The directional reflectivity of the next beam can be obtained similarly as

(0_, rl)n+I = fX, n,+l(l - _w) n'+2 (5!a)

where

In'+l - _X_n'+l

fX_n'+l = Xu ' n'+l - X
Z'_n'+l

(Slb)

If

cos(o+ _') > in
cos[_' - (n' + 2)8] '+2

(52)

then

_ cos(O + >')

cos[_' - (n' + 1) 8]

and this is the last beam reflected from the groove. Otherwise_

_n'+l : In'+2

co_[#' - (n' + 2)8]
cosily' - (n' + 1)_]

TheceduredirectiOniscarried°ftheonuntilemittedbeam leaving the groove is now NX_n'+I" This pro-

cos(0+ #')
cos(_' - nO) > In

Side Y Directly Visible %o Emitter

The energy reaching side Y directly from the emitter for the case when

_/2 > _' > 0_ as illustrated in figure Sj with the angle symbols now primed to

denote th_ incident beam case_ is

QAE-Y : qE cos _' H2£ a*' dZ(X u, - Y_,)

cos N' _, H2= qF,--T-- dZ tan 0 (25)
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The equation for 4' is g_ven by equation (13), with _ replaced by _' This

is also the energy that wo_.id be incident on an element of the base plane of area

equal to the base of the g_oove_ as _,Titten in the second equality of equa-

tion (33).

As seen in figure S_ %he whole incident beam will be reflected internally

until

cos 9 > !n,+ I
cos(9 + n'O)

(3_)

where In,+l is the length of the n' image and Yu',n' and YZ' _n' are

given by equations (i0) and (17), respectively, with 9 replaced by 9'. The

part of the attenuated incfdent beam that will emerge divided by the incident

radiation given by equation (33) is

(P_',_)n'-i = fY, n'-i (I - _w )n'
(35a)

where

Yu' '-i - bY; '2n n -i

l'Y'n'-i = Yu'_n'-i - YZ' '-1_n

(3SB)

If

cos(¢ - e)
cos _ cos('_ + n'O) > In'-I

then

cos(#- o)
_Y.n'-i - cos 0 cos[V + (n' - I)0]

and this _rill be the last emerging beam. Otherwise, it can be sho_m from

figure 3 and equation (i<) %hat

= cos(_ + n'e)
bY, n'-I cos[#+ (n' - i)_-_ In'+l (3_')

The direction of the refleuted beam from the groove is _Y,n'-i

'-_l' - n6 + _ n = 0_2_4,6_ ._Y_ n =
_ - _ + (n + I)_ n = 1,3,5,

where

(57)

The directional reflectivi%y of the next beam reflected from the groove is

(pn, n)n, : fy, n,(l - aw )n'+l
(s8)

where
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In'-i - _Y_n' (59)fY, n -
, Yu'_n' - YZ' '_n

Again_ if

cos(, - 0)
cos @ cos[* + (n' + i)@] > In'

then

XY;n' = cos(_ - 0)

cos e cos(_ + n'0)

and no further beams _ill be reflected from the groove. Otherwise_

cos[_' + (n' + 2)0]

_Y,n' : cos[_' + (n' + l)O] In' (40)

The direction of this beam will be _Y_n'"

The next beam reflected from the groove would have directional ref!ectivity

(P_,,_)n,+l = fy, n,+l(l - ew )n'+2 (_i)

where

In' - hY;n'+l

fY_n'+l : yu,zn,+l _ Yz'_n'+l
(42)

If

cos(* - _) > in,+ 1
_os e cos[¢ + (n' + 2)e]

then

_Y_n'+l : oos 0 cos[_ + (n' + l)e]

and no further beams will be reflected from the groove. Otherwise_

: cos[_' + (n' + 5) 0]

}kY_n'+l cos[_' + (n' + 2)0] In'+! (45)

The direction of this beam is _Y;n'+l" The procedure is carried on in this
manner until

14



cos (_, - e)
cos o cos(¢ + no) > In' +I

Both Sides X and Y Visible to Emitter

For the case in which the incoming beam is between the angles @ > _' > 0_

both sides of the groove are illuminated. In this case_ the problem is divided

into two parts_ as illustrated by the dashed lines in figures 2 and 3.

The power reaching si_e X is given by

co_ p.[ HZ_8' ffZ Xu,QZ_X : qE 2
(_a)

The part of this beam emerging from the groove is

Qn'-I_AE-X = fX_n'-i

Xu';n'-i - XZ';n'-I
(1 Cw) n'- _E-X (_4b)

Xu' an' -1

If equation (44b) is divided by the value of the total incident radiation_ which

is given by equation (23a), the following result is obtained:

n' (Xu' n'-i - XZ '-I) Xu'

(P_ _)n'-i : fX,n'-i (1 - Cw) ' ',n', Xu', n'-I ,(Xu, _ XZ,) (44c)

which reduces to equation (25). Equations (Z6) to (28) still apply. Each term

is calculated as before, e}:cept that the test to determine the last beam is

changed. The terms are found until the N' beam is reached, where N' is de-

termined from

=, < (_ + _' - e).< =, + 1 (_d)
O

This relation is the same as that obtsined in the emission solution for the case

_rhere _ > _ > O_ with q replaced by _'. The image N' + i is the first

image not in the path of the incident beam_ as shown in figure 2; then

XZ, N, = 0_ and there are mo further beams reflected from the groove. For the

Y-part z a similar procedure is followed. Again_ equations (35) to (43) apply

except for the test for the final beam. The beams reflected from the groove are

found until the M' beam for which YZ'_M' = 0_ where M' is determined from

M,<(= - _' )<M' + ;]_ (¢s)

as in the emission solution. The image M' + i is again the first image not in

the path of the incident b_am_ as seen in figure 3.
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RESULTSANDDISCUSSION

Emission Results

The directional emissivity for somerepresentative cases is plotted in fig-
ure 4. The radial coordinate _ is the energy emitted from one groove at an
angle _ from the normal of the base plane divided by the energy that would be
emitted in that samedirection by a black surface of area equal to the base of
the groove. The angle @ between the groove walls and the emissivity of the

_rall material _w are sho_n as parameters.

The directional emissivity tends to peak at _ = 8/2. The value of _ at

this angle is much higher than the wall emissivity cw. The smaller the angle

@ between the groove walls_ the closer the directional emissivity approaches

that of a black body for the range 0 < _ < @. For large open angles of 0 this

effect is not as pronounced_ and for @ of 75 ° the peak directional emissivity

occurs at an Ti higher than a/2. This phenomenon is a result of the large

specular reflection of the radiation from the diagonal wall off the wall normal

to the base plane.

For _ of large negative values_ where the receiver sees only the tip of

the diagonal surface_ the directional emissivity is the same as the wall material

_w_ because there is no additional reflected radiation in that direction.

For large positive values of _, the curve of _ tends to be constant at

a value higher than the wall emissivity because of the geometry chosen_ which
causes at least one wall image to emit to the receiver.

F_gure 5 shows the result of multiplying certain of the curves in figure 4

by cos _. This operation gives the radiation emitted in the direction _ com-

pared with the radiation emitted normal to the base plane by a black surface of

area equal to the base of the groove. It can be seen that the angle of peak
emission is shifted away from _ = 0°.

Reflection Results

The directional reflectivity P_, _ for a fixed wall emissivity _ of

0.i is plotted in figure 6. These results are shown for various angles of groove

opening _.

The labeling of these curves can be explained by looking at figure 6(c).

The radial scale from 0 to 1.0_ labeled P_t _ is the magnitude of the reflected

beam divided by the magnitude of the incident beam for one groove. The outer

angular scale labeled _ is the angle of the reflected beam. The inner angular

scales labeled (_',XI)_ (_',Y2), and so forth, denote the angle of the incident

beam _'. The XI refers to the solid curve i and signifies that the reflected

radiation is from a beam incident on the X-surface. The ! means the number of

times the beam is reflected before it emerges from the groove. The Y2 refers to

the dashed curve 2 and signifies that the reflected radiation is from a beam
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incident on the Y-surface. The 2 meansthe numbe_of reflections the incident
beamunderwent before it emerged.

As an example, for an incident angle of _' _etween -90° and -30° , the en-
tire beamwill emerge in the direction _ betweer 30° and -30° after one re-
flection. The label (_',XI!) refers to the incident beamfrom angle _', which
illuminates surface X and emergesafter one ref3ection. For an incident angle
of _' between -30° and 0'_, two bea_r_will emerge:from the groove (fig. 6(c))_
since this range of incident angles _an be found fin both (_'_XI) and (_',X2).
This is true because part of the beamreflected from the X-surface is intercepted
by the Y-surface. This part emergesfrom the groove after two reflections with a
reduction in power due to _bsorption in the additional reflection. The re-
mainder is reflected out directly.

For incident beamswi-_h _' between 0° and 30° , part of the beam is re-
flected directly, part aft_r t_zoreflections_ and the remainder after three
reflections, as is shownby the _' in this range that appears on the (q',Xl)
(_',X2), and (_',X3) scale_. The radiation incident on the X-surface from _'
of 30° _o 60° will be refl_cted out only after three reflectionsj as shownby
the fact that this range a_?pearsonly on the (_'_X3) scale. For _' from 60°
to 90° there will be no radiation incident on the X-surface.

If the incident beam._nthe Y-surface is now considered for _' of 60°
to _0°, as sho_mon the scale (_',Y2), it can be seen from curve 2 that the en-
tire beamwill be radiated out of the groove after two reflections in the di-
rection _ from 0° to 30° , respectively. For a _eamof _' between 30° and
G0°, only part of the beam_Till radiate out after two reflections. The rest
will emergeafter three reflections, indicated by this range of _' that ap-
pears on the (_',Y2) an_ ('I'_Y3) scales. The po_¢erincident on the Y-surface
for _' between 30° and 0'_ will emergefrom the groove only after three reflec-
tions. For _' less than 0°, no beamis incident on the Y-surface.

To illustrate the use of the curves, the reflected beamsfrom an incident
beamwith _' = 15° are sl_o_nin figure 6(c). The magnitude and direction of
each emerging beamare sho_mby the four outward pointing arrows. One in the
direction _ = -75° with a _gnitude of 0.241 emergesafter one reflection.
Another part of the incffde_tt beamis reflected in the direction q = 75° with a
magnitude of 0.217. This beamemergesafter two reflections. Finally, there are
two beamsat _ = 4_° _it]_ magnitudes of 0.226 and 0.113. These will be radi-
ated out after three refle _tions. The sumof the_e reflected beams is 0.797.
The value of the directional emissivity s is 0.203 for the samegroove param-
eters considered in the _r._ceding example _nd for an _ of 15°. As shownand
discussed subsequently_ th_ directional absorptivity _, is equal to the di-
rectional emissivity _,_ where _, is the emi_sivity in the direction of the

incident radiation. Then the sumof the reflectivities ___ O_, plus the

emissivity _, is 1.0. This relation was used to check the numerical calcula-
tions and is shmm to be true in the previous example.

Figure 6 showsthe efI_ect of groove-wall angle @. For larger values of _
there are fewer internal reflections. When _ approaches the limiting value of
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90°_ the surface approaches the behavior of a flat mirror, as shown in fig-

ure 6(a) for 0 of 89_9 °. As @ decreases, there are more internal reflections

causing greater absorption of the incident radiation and a larger number of re-

flected beams from a given incident beam, which is shown for @ of 50 ° in fig-

t_e 6(b). For very small angles of e, the incident beam is almost completely

absorbed as a result of the many internal reflections, except for _' approach-

ing 90 °. For these cases_ the reflected beams will be in a direction _ close

to ±90 ° , as shown in figure 6(a) for a @ of I °.

In figure 7, the groove geometry is the same as in figure 6(b). The wall

emissivity is now ew = 0.01 rather than 0.i, which results in curves similar in

shape but greater in magnitude than those in figure 6(b).

DIRECTIONAL ABSORPTIVITY

The directional absorptivity _, can be shown to be equal to the direc-

tional emissivity e_ when _' is equal to _ for any isothermal cavity as

follows: An isothermal enclosure with black walls is shown in figure 8. Dis-

regarding dAR2 , there is within the enclosure a black elemental surface of

area dABI an_ another body containing a cavity of arbitrary shape and an aper-

ture of area dA C. The radiative characteristics of the internal surface of the

cavity are arbitrary. All bodies and surfaces are at temperature T. The radia-

tion emitted from the black element and absorbed by the cavity is

QBl-C = _C,_qb a2FBl-C aAB1 (4G)

where d2FBI_C is the shape factor from the element to the cavity aperture.

The energy emitted from the isothermal cavity and absorbed by the black element

is

QC-BI = ec_qb d2Fc-BI dAc (4:7)

which can be written as

QC- l -- d2%l-C (48)

by using the reciprocal rule for shape factors. From the second law of thermo-

dynamics, no net heat can be transferred between these two bodies, since they are

at the same temperature. Equating QBI-C to QC-BI gives

eC,_ = _C,_ (49)

This relation can be used to check the calculations for the grooves. The

difference between the power of the incident beam from direction _' and the

power of the sum of its reflected beams is the power absorbed by the groove,
which can be written as

18



i -_ pq,,q = c_q,

From equation (49), this becomes

e_, + _ p_, = i

which was used as a check of the numerical calculations.

(50a)

(sob)

RECIP}{OCAL RELATION FOR REFLECTIVITIES

The reflectivity of an isothermal cavity for a given beam path is related to

the reflectivi±y of the cavity for a beam path in the opposite direction. This

can be sho_m as follows: From figure S and as discussed previouslyj the power

incident on the cavity aperture from black element dAB2 is

QB2-C ==:qb dAB2 d2FB2-C = qb d2Fc-B2 dAc

A fraction P_, _ of this -'s reflected to dABl. Following the opposite path_

the power reflected to dAB_ _ from dABI is

qb dABI d2FBI-CO_, = qb dAc d2F_v-___IP_,__'

Since the two bodies are at the same temperature_ there can be no net heat ex-

change. The direct interchanges between dABI and dAB2 are equal. It fol-

lows that the reflected interchanges must also be equal_ and

P_],,_ d2Fc_B2 = Pq_, d2Fc_BI
(Sla)

which_ for the grooved surfaces, becomes

cos __ (5Zb)
P_'_ = P_' cos _'

ILLUST]Y_TIVE EXAM_PLES FOR DIRECTIONALLY

EMITTING SURFACES

The following example Lilustrates the advantages of using surfaces with

directional radiative properties for energy absorbers. Consider two parallel

planes of width I_E infinite in length and separated by a distance D, as shown

in figure 9. The emitting surface is black and at temperature Tb. The absorb-

ing surface is at temperature Tw and has a directional absorptivity c_,. The

effects of environment are neglected.
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The net power removal from the absorbing surface to maintain a constant Tw
is the difference between the absorbed and emitted powers. The rate of energy
absorbed from the black surface _s

Tb '2_ D2 _0 H (P )_ , cos _' d_ d_ (s2)

The angle q£ and _ are the limiting angles shown in figure 9 and are

_i = -arc tan(_) (53a)

h_ = arc tan(X - _) (55b)

The power emitted from the absorbing surface is

Q_,e = T4 D2 AZ eh cos _ d d{ (54)

-, w 2 J-_/2

The power that must be removed from the absorbing surface to maintain con-

stant Tw divided by the emission from the black surface is

qG QG

qb _D2_Z_Z
= - _h' cos h' d_ d_

[/-'fl- _ Jo + (c_\%/

and qG/q b can be called the absorption factor.

In some cases, it is desirable to maximize the power absorbed by the absorb-

ing surface. If Tw/T b is less than one, the first term in equation (55) is

always positive, while the second term is always negative. To maximize the

energy absorbed, the positive term must be maximized, while the negative term

must be minimized. This would be achieved if _. (_) were unity in the range
, > , 'i_(_) > _ _(_) and zero for other angles. A surface with this absorptivity

will be called_a "perfect" absorber. A surface with characteristics approximat-

ing those of a "perfect" surface is analyzed in reference 7. The directional

absorptivity for some _ on such a surface is shown in figure i0. This results

in a maximum possible absorption factor of
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ma := - \%7 J (1 + - (56)

For some grooved surface:s the directional absorptivity can be closely rep-

resented by a simple functional relation. The function _, = eh, = 0.$5 cos _',

as seen in figure i0, and labeled grooved emitter, closely approximates the di-

rectional emissivity for a ,5 of i° and an ew of 0.0] as shown in figure 4(a).

Using th_s relation _.n equation (5S) yields an absorption factor of the form

For purposes of comparison, the absorption fac-:or for a diffuse gray sur-

face of absorptivity _w = _w is calculated and is

A comparison of the absorption factors for these three types of surfaces is

sho_n in figure ii. The dash-dot curves show the power that will be absorbed by

a perfect absorber divided _y the emission per unit area from the black emitting

surface qb" The solid cur_es show the power that ,_ould be absorbed by a

grooved absorber divided by qb- The dashed curves show the power that would be

absorbed by a black surface divided by qb" Multiplying the latter family of

curves by c_ will give the absorption factor for a diffuse gray surface of

that absorptivity.

The net heat absorbed by the perfect absorber is always positive_ since its

emissivity is zero to the cold environment. This is not true for the other two

surfaces, where the power a_sorbed is negative for small values of _ since

these surfaces are then losing more heat to the environment than they are gain-

ing from the emitting surface. The perfect absorber is always absorbing more

heat than the other surfaces_ however_ for very large values of _ the model

approaches the case of radient heat transfer between infinite planes. For the

case of the diffuse surface_ if its absorptivity is one 3 it will absorb as much

heat as the perfect absorber. For an absorptivity less than one_ the curves for

the diffuse surface are reduced in magnitude by the factor c_; and, thus 3 for

large _ the diffuse surfaces would absorb less than the perfect absorber. The

comparison of the diffuse absorber with the grooved absorber shows that for small

the grooved absorber has a greater heat absorption, but this is reversed for

the larger values of _j ho_ever_ since the diffuse solution must be multiplied

by _r, for small values of _, the grooved absorber can absorb more heat for
large _ than the diffuse _bsorber.

To illustrate the advar:tage of surfaces with directional radiating proper-

ties in radiating energy d_'ectly to a heat sink_ am example similar to the pre-

vious one may be used. By using figure 9 but now considering the directional

surface to be at a higher temperature than the black surface, that is,

Tw/T b > i, the directional _urface will be emitting to the black surface. The
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fraction of the net power supplied to the emitting surface that is incident on
the heat sink can be calculated as follows: The net power being supplied to the
emitting surface is given by equation (55). The net power incident on the black
surface divided by the emission from the black surface is

Then the ratio of power incident on the black surface to the power supplied to
the emitting surface is

QbG
/f )erl, cos r i' dr i

\_i

d_

(60)

t'_4 _n co_q d de - _n' cos n' an d_

\%/ \.,-,_/2 -nl

This can be maximized by using a perfect emitting surface to give

QG /M
(ez)

For the case of the grooved emitter_ the ratio of power incident on the

black surface to the power added to the grooved surface is

Tw_ 4 tan

Qba ,,,%/ arc

QT = 4 (s2)arcta,,
The ratio of the power incident on the black surface to the power supplied to a

diffusely emitting gray surface is

(7+ _
= - (63)

\%/
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A comparison of these three types of emitting surfaces is shown in fig-

ure 12. The dash-dot curv._s are the power incident on a black surface from a

perfect emitter divided by the power supplied to the directional stifface Q.

The solid curves are the p)wer incident on a black surface from a grooved

emitter divided by Q. Tb_ dashed curves are the energy incident on a black

surface from a diffuse surface divided by the power supplied to the flat surface.

The power incident on the black surface from the perfect emitter is seen

always to be greater than :Cor either of the other two surfaces for a given

temperature ratio. Simil_L'Ly_ the power incident on the black surface is

greater for the grooved e_itter than for the diffuse surface for any given

temperature and aspect ratio.

Equilibrium Temperature of Dffrectionally

Absorbing Surfaces

It would be of interest_ in comparing the different types of surfaces as

absorbers_ to calculate th,_ equilibrium temperatuz°es of these surfaces with the

assumption that no heat is added except by radiation. This equilibrium tempera-

ture (Tw)eq can be found from equation (5S) by setting qG equal to zero.

This gives

-_/2 _ cos _ d_Id _

(6._)

where the ratio of integrals is defined as the absorption efficiency.

equation (56), the absorption efficiency for the perfect absorber is

 Jeq = 1 (SS)

For the grooved absorber f::'omequation (57)j

4

(T__wI = 2 arc tan _

\Tb/eq
(66)

and for the gray diffuse absorber from equation (_8),

4 =
eq

(1+ W)i/2_ i
(6v)
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The absorption effJciencies for these surfaces are shown in figure I5. For
the perfect absorber_ the absorption efficiency is one for all values of _.
This meansthat the absorbing surface attsins the sametemperature as the emit-
ter. The grooved absorber and the diffuse absorber have lower absorption ef-
ficiencies and_ therefore, lower equilibrium temperatures for small _ but
approach one for large _. The groovel absoz%ershave higher absorption ef-
ficiencies than the diffuse absorbers.

CONCLUDINGRE_£&RKS

By this analysis_ the large effect of small surface irregularities on the
radiation characteristics of materials has been shown. Since the wavelengths
for thermal radiation are very sKml!, the size of the grooves that can cause
these effects can also be very small. The present results showthat there can
be very significant differences between apparent properties and the actual prop-
erties of the material. Great care must be exercised in proper surface prepara-
tions when an attempt is madeto measmreradiative properties.

The results indicate that the directional radiative properties of surfaces
can be controlled by design. It is possible, therefore, to increase the ef-
ficiency of radiation exchangeby design of the local macroscopic surface
structL_e.

It has also been shownthat the directional emissivity of any isothermal
cavity is equal to the directional absorptivity of the samecavity and that the
reflectivity of the cavity for any path is related to the reflectivity of the
cavity for radiation in the opposite path.

The idealized surface, the "perfect" absorber, can be closely simulated by
a groove with perfectly reflecting spee_lar walls and a black base_ as is shown
in reference 7.

Lewis Research Center
National Aeronautics and SpaceAdministration

Cleveland_ Ohio, April iS, 1005
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Figure 9. - Radiant interchange between a flat_ black wall and a grooved surface.
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